Abstract Large size of air plasma at near atmospheric pressure has specific effects in aerospace applications. In this paper, a two dimensional multi-fluid model coupled with Monte Carlo (MC) model is established, and some experiments were carried out to investigate the characteristics of electron beam air plasma at pressure of 100-170 Torr. Based on the model, the properties of electron beam air plasma are acquired. The electron density is of the order of 10 16 m −3 and the longitudinal size can exceed 1.2 m. The profiles of charged particles demonstrate that the oxygen molecule is very important for air plasma and its elementary processes play a key role in plasma equilibrium processes. The potential is almost negative and a very low potential belt is observed at the edge of plasma acting as a protection shell. A series of experiments were carried out in a low pressure vacuum facility and the beam plasma densities were diagnosed. The experimental results demonstrate that electron density increased with the electron beam energy, and the relatively low pressure was favorable for gaining high density plasma. Hence in order to achieve high density and large size plasma, it requires the researchers to choose proper discharge parameters.
Introduction
Large size of air plasma at near atmospheric pressure always attracts much attention of researchers, because it can be used in some special applications, such as controlling supersonic flow by magnetohydrodynamic (MHD) means [1] , reflection and absorption of electromagnetic waves [2] . However, it is still an extremely challenging research field due to the discharge instabilities. During past decades, much work has been devoted to the realization of near atmospheric pressure air plasma by conventional methods, such as DC discharge, pulse discharge, and dielectric barrier discharge. Nevertheless, in these cases, the discharge devices require either special electrodes or high breakdown power, which make the discharge system quite complex. In some applications, a simple and efficient air plasma generator is required. In this regard, using high energy electron beam to generate plasma is a best choice, mainly based on its three merits: a. the beam power used to breakdown air is hardly related to the air pressure, it means the generator can work in any condition; b. no need of special electrodes so that the generator is simple enough; and c. the beam plasma size (∼0.4-1 m) can easily fulfill the requirement of the applications. Although the electron beam plasma has some specific advantages, a practical problem always puzzles the generator designers. That is how to inject the beam from vacuum to the dense air. Fortunately, two candidate technologies can be adopted to solve the problem. One is using a thin foil between the vacuum and high pressure environment to form two separate chambers, the other is to arrange a pressure-transition equipment. By these technologies, the high energy beam can be injected into the air.
Due to the attractive merits and technology feasibility, the electron beam air plasma has been studied extensively in the past decade. In 2001, Macheret et al. investigated the electron beam regimes by using a one dimensional fluid model [3] . The results demonstrated the plasma characteristics in both fountain and thunderstorm regime and gave the ionization mechanisms of beam plasma. This is the first report about electron beam air plasma. Different with Macheret, Vidmar et al. used a chemical model to simulate the complex reaction processes in the electron beam plasma [4] . By the model, the component densities of plasma and the sustained power of beam were obtained. However, the spatial characteristics were neglected, and also the beam ionization process was treated with a simple formula. Thus, Fernsler et al. investigated the energy deposition and the collision processes, which was ac-companied with beam ionization, by using the Monte Carlo model [5] . In this case, a more accurate distribution of ionization rate was achieved. A similar work can be found in Ref. [6] and Ref. [7] .
In the experimental studies, a series of remarkable experiments have been done in MPTI (Moscow Institute of Physics and Technology) [8, 9] and MRT (Moscow Radio Technical Institute) [10] . Alexsandrov et al. has conducted an experiment in argon plasma, which was excited by a high energy electron beam. The electron density and the gas temperature were measured in detail. They found that the gas temperature is significant for producing electron beam plasma, because it would influence the plasma elementary processes. Meanwhile, a nonuniform heating phenomenon was reported, which could result in nonuniformity of the neutral gas and lead to nonuniform beam energy deposition. Another comparitive work was carried out by Vidmar et al. They used an experimental chamber with several diagnostics instruments to investigate beam plasma properties. The electron density was obtained by RF measurement and some optical characteristics were obtained by emission spectroscope [11] . Moreover, Wehrmeyer et al. also used the spectroscope to investigate the plasma temperature and density excited by pulsed electron beam; but the pressure they concerned is of the order of 70 mTorr, which is much lower than that of our interests [12] . In these references, the authors have studied the electron beam plasma properties in corresponding cases in detail. However, the properties are not investigated thoroughly and some assumptions have been made. In the present study, a two dimensional multi-fluid model coupled with MC model is firstly established to simulate the spatial evolution of electron beam air plasma in the range of 100-170 Torr, and then some validating experiments were carried out. By employing the microwave interference measurement, the electron densities were acquired for different energy and pressure. From analyses of the results, some interesting mechanisms are concluded.
2 Simulation and experimental setup
Numerical model
Because of the inherent complexity of air plasma at pressure 100-170 Torr, a two dimensional multi-fluid model coupled with MC model is established to describe the spatial and temporal evolutions of plasma components. In the present model, 8 main species are taken into account, each of which participates in several chemical reactions. By analyzing the collision cross sections of such species, 13 reactions are totally considered and the reaction rates are given in Table 1 . Most of rates are dependent on the electron temperature. In this paper, the electron temperature is not calculated, and an assumption is made that the electron temperature approximately equals to twice of the gas temperature, i.e. T e ≈ 2T g . Note that the self-heating effect is a significant phenomenon for high energy continuous electron beam plasma, especially in the case of high beam current and gas pressure. Thus the spatial distribution of gas temperature is important for analyzing the electron beam plasma and the chemical reaction mechanisms. However, in this work, the spatial gas temperature field is not calculated and our previous results [13] are directly adopted in the model for the initialization process. The collisions between neutral species are neglected. However, the density changes of neutral species, due to collisions between charged particles and neutral species, are still included in the model. [10] The continuity equations of particles are
where n k , f k and S k denote particle number density, particle flux and source term, respectively. Subscript k is the species index number. The same as in the conventional fluid model, the momentum equations of species are simplified by adopting a so-called drift-diffusion approximation. Thus, the charged particle fluxes are given as
where E denotes the electric field in the plasma region. µ k and D k represent the mobility and diffusion coefficient. Since the neutral species do not respond to the electrical field, so the fluxes are directly treated as zero in the model. The electric field is described by the Maxwell equation given as
where e and ε 0 denote the element charge and permittivity of free space, respectively. For electron beam plasma, the source term in Eq. (1) is the sum of two terms, described by
In the above equation, the first term q eb gives the ionization by fast electrons (electron beam) and the second term describes the chemical reactions between particles, in which R p , n A , n B , and n C represent the reaction rate, reactor A, reactor B, and reactor C in the pth reaction, respectively. N p is the total reaction number of kth species.
In order to adopt a more accurate ionization rate by fast electrons, the Monte Carlo model is employed to simulate the electron beam transportation in dense air. By tracking thousands of injected electrons, a statistical distribution of ionization rate by fast electrons can be obtained. With consideration of the beam current, q eb can be easily obtained, then it is directly input into the multi-fluid model. For more information about the model, readers can refer to our earlier work [13, 16] .
where q eb , I eb , and q MC denote beam ionization rate, beam current and statistical ionization.
The secondary electron emission due to ions bombardment is considered. Hence the boundary conditions on the wall are given as n · f − = −γ n · f + (for negative charged species), (6) n · f + = n + max(0, µ + n · E) (for positive charged species). (7)
Experimental setup
The experiments were carried out in a cylindrical low pressure vacuum facility, of which the pressure can be varied from 10 Torr to 760 Torr. An electron beam generator was installed on one end by the flange. The beam was extracted from the generator by a multi-level pumping channel and then it was injected into the vacuum chamber through channel exit. Fig. 1 gives the schematic diagram of electron beam plasma experimental facility. The ability of beam generator is robust and the working parameters could vary under different requirements. The specific value was 75 kV and the beam current at the channel exit was 130 mA. In order to investigate the electron beam air plasma directly, a microwave interference system was established. The diagnostics system contains several elements, such as microwave source and receiver. Meanwhile, two antennas were installed at top and bottom of the vacuum chamber, behaving as the transmitting antenna and receiving antenna respectively. A microwave phase shifter is arranged in the diagnostics cycle. Before the experiments, the output of the interference system was modulated to zero by adjusting the phase shifter of the reference arm. While the beam plasma was generated, the interference system gave the phase shift arising out of plasma. According to the transportation mechanism of microwave in plasma, the electron density was then calculated by the following formula
where n e is the electron density, f , c, m e , L denote the microwave frequency, vacuum light speed, electron mass and the antenna distance, respectively. ∆Φ represents the microwave phase shift in plasma. In fact, the phase shift was automatically recorded by the interference system during the experiment and then the electron density was calculated. Moreover, a high speed HD (high definition) camera was also employed to monitor the beam plasma online.
3 Results and discussion
Model validation
To validate the multi-fluid model in subsection 2.1, the model parameters are set the same as in Ref. [11] . In the reference, the electron beam was generated by a cathode and then it was injected into a large vacuum chamber by an aluminum foil, of which pressure can be varied from 0.1 Torr to 760 Torr. By using the model, the code is applied at several pressures to obtain the plasma density. Moreover, because the experimental results from Ref. [11] are the chord integral densities, thus the numerical results are also transformed by the so-called Abel transform. The comparison (see Fig. 2 ) demonstrates that the numerical results agree well with the experimental data, which indicates that the numerical model can be employed to further investigate the electron beam plasma. 
Plasma properties
By using the model, the properties of electron beam plasma are investigated. The air pressure is fixed at 100 Torr, which is a typical situation of the vacuum facility. The beam energy is set as 75 keV in all cases. The code, for each case, is run on a high performance computer center for several hours to obtain a steady result. Moreover, in this subsection, the particle densities and the length are normalized by 10 15 m −3 and 1.8 m, respectively.
The electron density is the most important parameter for beam plasma. Thus, Fig. 3 gives the spatial distribution of electron density in contour type. It is shown that the beam generates a relatively large size of plasma; and the average density is of the order of 10 16 m −3 . The plasma distribution is visibly nonuniform at the channel exit and in the plasma edge region. In fact, in these regions, the beam is extremely compressed by the magnetic field. Hence the beam electrons collide drastically with air atoms or molecules, leading to considerable ionizations. Meanwhile, this region has also higher air temperature than other areas, the intrinsic reason is attributed to electron beam energy deposition [17] . Although the results show that the densities of these two particles are small relative to the electron, they play a significant role in the electron equilibrium processes by the three body attachment and O − 2 detachment. Fig. 4 shows the densities of charge particles at the beam axis, which demonstrates that electron is the dominating negative particles; but for positive one, the O + 2 density is higher than that of N + 2 . It means that it is easier to ionize oxygen molecule than to ionize nitrogen. Thus it can still obtain a higher density, though oxygen only occupies about 21% of air. From analyses, it can be concluded that the oxygen molecule is very important for air plasma and its elementary processes always play a key role in plasma equilibrium. The distribution of potential is plotted in Fig. 5 . The result indicates that the potential in beam plasma is almost negative, and especially, a very low potential belt is observed at the edge of plasma. The reason for its formation is the competition between the electron drift and its diffusion. At the very beginning of beam injection, the generated plasma keeps quasi-neutrality. However, the electron tends to move due to the great gradient of density, because its diffusion coefficient is much larger than that of positive and negative ions. Then the electrons are accumulated at the plasma edge. When the negative potential is obtained, the electron flux is restrained by electron drift at reverse direction. The potential belt behaves like a protection sheath to sustain the plasma shape. This property provides a way to generate large size plasma, especially in some unusual applications. Moreover, the electric field lines are also obtained by the model (not shown). The result suggests that the electrons drift along the lines in reverse direction, which forms the so-called back current. The back current is an intrinsic characteristic for beam plasma and is always used to interpret the current equilibrium. However, the phenomenon hasn't been observed in our experiments. That is more like a theoretical issue rather than a practical problem. 
Experimental results
The experiments were carried out in the low vacuum facility, which has already been described above. By varying the chamber pressure and beam energy, the corresponding plasma properties were acquired. Fig. 6(a) shows the image of 75 keV beam plasma at pressure of 100 Torr, which was recorded by a high definition CCD camera. As can be observed, the beam plasma looked almost a purple cloud and it is much brighter at channel exit than it looked in other region. In fact, the electron beam air plasma looked like a light blue pear-shaped balloon. In order to interpret the experiment results, the calculated gas temperature is given in Fig. 6(b) , which is directly adopted from Ref. [13] . The distribution shows that the temperature varied from 300 K to 1000 K, and the average temperature was approximately 700 K. Since there is no distinct electric field in the large plasma region, thus the slow plasma electrons were hardly heated in such field. The energy is likely to be obtained from the thermalization of beam electrons and inelastic collisions between neutral particles. Moreover, by referring to Fig. 4 , a notable consistency is observed, which indicates in another way that the numerical results are reasonable and accurate. Fig.6 Electron beam air plasma properties: (a) discharge image, and (b) calculated spatial gas temperature [14] . Beam energy: 75 keV, beam current: 130 mA, air pressure: 100 Torr Fig. 7(a) shows the experimental plasma density by microwave interferometry. The results demonstrate that electron density increased with the electron beam energy. This agrees with our earlier numerical results [13, 16] . As to our electron beam plasma generator, a high density energy beam was always accompanied with high beam current. Thus, by both effects, the high density plasma was obtained. Moreover, the size of plasma was also enlarged with higher energy.
Note that the plasma density is closely related to the gas density. Thus the influence of air pressure was investigated (see Fig. 7(b) ). The experimental results indicate that the electron density decreased with increasing pressure. It means that the relatively low pressure is favorable for gaining high density plasma. The underlying physics could be attributed to the reduced field, namely E/N , where E represents the electric field and N denotes the neutral gas density. For electron beam plasmas, the ionization rate increases linearly with E/N . Hence low pressure gives high E/N , which in turn leads to high ionization and high plasma density. However, the pressure can not be too low, because the beam demands moderate collisions with air to sustain the plasma. The too low pressure air is really not beneficial for producing high density plasma. Therefore, in order to achieve high density and large size plasma, it is better to completely analyze the requirements on discharges and to choose proper discharge parameters. 
Conclusions
A two dimensional multi-fluid model coupled with MC model is established, and meanwhile some experiments were carried out to investigate the characteristics of electron beam air plasma at pressure of 100-170 Torr. The numerical model is firstly validated by the experimental results. Based on the model, the properties of electron beam air plasma are acquired. The spatial distribution of electron density indicates that the density is of the order of 10 16 m −3 and the longitudinal size can exceed 1.2 m. The profiles of charged particles indicate that the oxygen molecule is very important for air plasma and its elementary processes play a key role in plasma equilibrium. Moreover, in the region of beam plasma, the potential is almost negative. Especially, a very low potential belt is observed at the edge of plasma which acts as a protection shell.
The experiments were carried out in a low pressure vacuum facility and the beam plasma densities were diagnosed. Meanwhile, the image of beam plasma was recoded by a HD CCD camera, which gave a typical shape of the electron beam plasma. The experimental results demonstrate that electron density increased with the electron beam energy and the relative low pressure was favorable for gaining high density plasma. Hence in order to achieve high density and large size plasma, it requires the researchers to choose proper discharge parameters.
